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Abstract 26 
Urban air quality in China has been declining substantially in recent years due to severe 27 
haze episodes. The reduction of sulfur dioxide (SO2) and nitrogen oxide (NOx) 28 
emissions since 2013 does not yet appear to yield substantial benefits for haze 29 
mitigation. As the reductions of those key precursors to secondary aerosol formation 30 
appears not to sufficient, other crucial factors need to be considered for the design of 31 
effective air pollution control strategies. Here we argue that ammonia (NH3) plays a - so 32 
far - underestimated role in the formation of secondary inorganic aerosols, a main 33 
component of urban fine particulate matter (PM2.5) concentrations in China. By 34 
analyzing in situ concentration data observed in major cities alongside gridded emission 35 
data obtained from remote sensing and inventories, we find that emissions of NH3 have 36 
a more robust association with the spatiotemporal variation of PM2.5 levels than 37 
emissions of SO2 and NOx. As a consequence, we argue that urban PM2.5 pollution in 38 
China in many locations is substantially affected by NH3 emissions. We highlight that 39 
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more efforts should be directed to the reduction of NH3 emissions that help mitigate 40 
PM2.5 pollution more efficiently than other PM2.5 precursors. Such efforts will yield 41 
substantial co-benefits by improving nitrogen use efficiency in farming systems. As a 42 
consequence, such integrated strategies would not only improve urban air quality, but 43 
also contribute to China’s food-security goals, prevent further biodiversity loss, reduce 44 
greenhouse gas emissions and lead to economic savings.  45 
 46 
A capsule:  47 
PM2.5 pollution in China is substantially affected by NH3 emissions and more efforts 48 
should be directed to reducing NH3 emissions to mitigate PM2.5 pollution more 49 
efficiently. 50 
 51 
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1.Introduction 58 
China experienced extremely severe and persistent haze episodes in recent years 59 
(Huang et al., 2014). The average annual PM2.5 concentrations in 190 major cities do 60 
not meet the clean air standard for fine particulate matter recommended by the World 61 
Health Organisation (WHO, 10 μg m-3), and the population-weighted mean of PM2.5 62 
concentrations in Chinese cities was 61 μg m-3, approximately three times higher than 63 
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global population-weighted mean concentrations in 2014-2015 (Zhang and Cao, 2015). 64 
Severe haze in Northern China caused a loss of up to five life years on average, leading 65 
to a substantial detrimental effect on public health (Chen et al., 2013). To mitigate PM2.5 66 
pollution in China, the central government launched the “Clean Air Act” (CAA) and 67 
identified binding reduction targets for emissions of SO2 and NOx for each city (MEPC, 68 
2016). Nevertheless, a recent study revealed significant increases, rather than decreases, 69 
in observed PM2.5 concentrations in the years 2013 and 2014 as compared to 2012, 70 
when China’s State Council set pollution reduction targets, excluding interannual 71 
variations due to meteorological factors (Liang et al., 2015). These findings suggest that 72 
emission reductions of SO2 and NOx do not present an effective approach to mitigate the 73 
PM2.5 pollution. Thus, improving the understanding of the underlying processes for haze 74 
formation and identifying effective mitigation pathways are still unsolved challenges for 75 
China. 76 
The most recent studies analysing PM2.5 composition suggest that secondary 77 
inorganic aerosols (SIA, e.g., ammonium sulfate ((NH4)2SO4) and ammonium nitrate 78 
(NH4NO3)) play an increasingly dominant role in PM2.5 pollution in China, especially 79 
during severe haze episodes (Huang et al., 2014; Shen et al., 2014; Tao et al., 2014). 80 
Pollutants in both acid (e.g., SO2 and NOx) and alkaline (e.g., NH3) forms are crucial to 81 
the nucleation of SIA through acid-base neutralization reactions (Pan et al., 2016). 82 
These reactions increase the size and solubility of the particles, and once the bonding 83 
particles cross the threshold of diameter size (i.e., the nucleation barrier), aerosol growth 84 
becomes spontaneous (Li et al., 2016). As the most important atmospheric alkaline 85 
pollutant gas in the atmosphere, NH3 has a significant contribution to the formation of 86 
SIA, exhibiting a base-stabilization and catalytic mechanism (Kirkby et al., 2011; Li et 87 
al., 2016).  88 
China is the largest source of NH3 emissions in the world, emitting over 15 Tg 89 
NH3-N yr-1 in 2010, due to its low agricultural nitrogen use efficiency (NUE) in crop 90 
and livestock production (Liu et al., 2013; Gu et al., 2015). To understand the effects of 91 
NH3 emission on PM2.5 pollution in China, statistical analyses of measurements (Tao et 92 
al., 2014), back-trajectory receptor models (Zhang et al., 2013a), response-surface 93 
modeling techniques (Wang et al., 2011) and sensitivity simulations with atmospheric 94 
chemical transport models (Wang et al., 2014) have been widely applied. These studies 95 
usually identified a much smaller contribution of NH3 emission to the PM2.5 pollution 96 
compared to that of SO2 and NOx emissions. However, these methods generally ignore 97 
the nonlinear chemistry of aerosol formation, for instance neglecting the catalytic 98 
mechanism of NH3 (Zhang et al., 2015) and as a consequence do not fully account for 99 
the uncertainties due to large variations in the observed PM2.5 data (Erisman and Schaap, 100 
2004; Liang et al., 2015). The catalytic mechanism of NH3 may, however, be more 101 
important than the role of NH3 as a substrate contributing to PM2.5 formation (Kirkby et 102 
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al., 2011; Li et al., 2016). Thus, the contribution of NH3 emission to PM2.5 pollution in 103 
China may have been underestimated in previous studies. 104 
The aim of this study is to re-evaluate the contribution of NH3 ambient PM2.5 levels. 105 
We tested the catalytic mechanism of NH3 on PM2.5 formation through econometric 106 
analyses across China by applying a panel model and quantile regression (see “Methods” 107 
section for details). The panel model quantifies the contribution of NH3 emission to 108 
PM2.5 pollution and generates unbiased estimates of the level of this contribution by 109 
eliminating confounding variables using the group deviation method (Wilke, 2011; 110 
Zhang et al., 2016). We collated monthly panel data of in situ PM2.5 concentrations in 74 111 
major cities in China from January 18 to December 31, 2013 (Fig. 1). Monthly data of 112 
pollutant emissions (SO2, NOx and NH3) and meteorological factors (wind, rain, 113 
temperature, etc.) were also compiled for these cities. In addition, we obtained annual 114 
pollutant emissions, climatic factors and PM2.5 concentration data from multiple global 115 
databases to crosscheck the results based on local monitoring. To account for the fact 116 
that PM2.5 and its precursors can be transported from source to receptor regions over 117 
long distances, the panel model also takes wind speeds and directions into consideration. 118 
The model also includes other natural factors, such as air temperature to assess their 119 
effects.  120 
 121 
2.Methods 122 
2.1.Data sources.  123 
Monthly PM2.5 concentrations for each city were retrieved from the data center of 124 
the Ministry of Environmental Protection of China (MEPC, 2016). For the year 2013, 125 
data were available only from 18 January, when the Ministry of Environmental 126 
Protection of China began to report PM2.5 concentration data regularly for major cities 127 
across China. The meteorological parameters, including air temperature, wind speed and 128 
direction, and precipitation, in each city were obtained from the meteorological station 129 
nearest to the monitoring site, or city centre (CMDS, 2016). If more than one 130 
meteorological station shared a similar shortest distance to the city, the average value 131 
from these meteorological stations was used. 132 
Industrial sources accounted for 90 and 67% of the total SO2 and NOx emissions, 133 
respectively, in China (MEPC, 2016); thus, industrial output indicators were used to 134 
temporally distribute annual emission data over 12 months. This calculation was done 135 
applying the following equation: 136 
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎,𝑚𝑚 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎 × 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖,𝑚𝑚∑ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖,𝑚𝑚12𝑚𝑚=1       (1) 137 
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎,𝑚𝑚 is the daily emission of a pollutant of type 𝑎𝑎 in month 𝑚𝑚 in city 𝑖𝑖, 138 
and 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎 is the annual emission of a pollutant of type 𝑎𝑎 in city 𝑖𝑖; 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖,𝑚𝑚 is the 139 
output value of industry in month 𝑚𝑚 in city 𝑖𝑖. 140 
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The total monthly SO2 and NOx emissions in each city were significantly linearly 141 
correlated, indicating that these two pollutants share similar emission sources, in most 142 
cases large-scale fossil fuel combustion in power plants, industry and road transport 143 
(Zhang et al., 2016). Therefore, we can only select one pollutant (SO2 or NOx) or a 144 
combined pollutant (SO2 and NOx with a constant ratio) for our panel data model to 145 
avoid multicollinearity. To reflect the molar weight capacity to neutralize NH3, we used 146 
two moles of SO2 and one mole of NOx as a combined pollutant for the analyses 147 
conducted in this study. 148 
Annual grided concentration data (2001-2008) for PM2.5 was retrieved from earth 149 
observation products provided by the National Aeronautics and Space Administration 150 
(NASA) with a resolution at 0.5×0.5° by blending total-column aerosol amount 151 
measurements from two NASA satellite instruments with information about the vertical 152 
distribution of aerosols (van Donkelaar et al., 2010; de Sherbinin et al., 2014). Matching 153 
emission data, including NH3, NOx, SO2, and NMVOC were retrieved from the 154 
Emission Database for Global Atmospheric Research (EDGAR, 2016). Finally, the 155 
meteorological parameters are compiled from an updated gridded climate dataset 156 
(referred to as CRU TS3.10) based on monthly observations at meteorological stations 157 
across the world’s land areas (Harris et al., 2013). 158 
 159 
2.2.Panel data model.  160 
Considering the multiple interactions, we designed a panel model to quantify the 161 
contributions of meteorological and anthropogenic factors to haze episodes. The panel 162 
model is set up for a comprehensive analysis of PM2.5 formation derived from pollutant 163 
emission and meteorological factors (Zhang et al., 2016). More details of this model and 164 
its application to analyse contributions of different components to PM2.5 formation can 165 
be found in Zhang et al (Zhang et al., 2016). The panel model incorporates data on both 166 
temporal and spatial scales simultaneously (12 months for 74 cities in this study, i.e. 884 167 
samples in total), an approach also known as ‘time-series cross-sectional data’. For 168 
example, the eastern region of the Yangtse Delta Region (YDR) illustrates how 169 
pollutant diffusion leads to a lesser impact on air pollution in Shanghai compared to 170 
other cities in the west. Thus, a simple application of cross-sectional data may 171 
underestimate the effect of pollutant emissions because emissions in Shanghai are 172 
actually much higher, while its air pollution is much lower than comparable other 173 
regions. Nevertheless, although the time-series data analysis in Shanghai can offset this 174 
underestimation, the data samples are substantially reduced if only Shanghai was to be 175 
included. Here, the panel model is capable of solving unobservable time-invariant 176 
regional differences and omitted variable problems. Moreover, PM2.5 accumulation over 177 
previous days also affects the attribution analysis; thus, including lagged PM2.5 pollutant 178 
concentrations as an explanatory variable is also essential. The panel model can well 179 
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capture this effect given its ability to assess both temporal and spatial variability of 180 
input data (Zhang et al., 2016). The panel model was constructed as follows in this 181 
study:  182 
𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑐𝑐 + 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝛽𝛽1 + 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖𝛽𝛽2 + �𝐶𝐶𝑜𝑜𝐶𝐶𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖
𝛽𝛽𝑖𝑖 + 𝜇𝜇𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖   (2) 183 
where 𝑌𝑌𝑖𝑖𝑖𝑖 is the daily PM2.5 concentration in month t in city i; 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 is the monthly 184 
pollutant (SO2, NOx and NH3) emission; 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖 is the monthly average wind 185 
speed; 𝐶𝐶𝑜𝑜𝐶𝐶𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 is a group of control variables, including air temperature, precipitation, 186 
etc., which are difficult to regulate to mitigate PM2.5 pollution, although they are 187 
contributing factors; 𝛽𝛽1,𝛽𝛽2 …𝛽𝛽𝑖𝑖 are the coefficients of the independent variables; 𝑐𝑐 is 188 
the intercept; the effect of pollutant emission on PM2.5 pollution is calculated as 189 
𝜕𝜕𝑌𝑌 𝜕𝜕𝑜𝑜𝑃𝑃⁄ = 𝛽𝛽1; 𝜇𝜇𝑖𝑖 is the unobservable individual effect in city i such as the time 190 
invariant geographical situation; and 𝜀𝜀𝑖𝑖𝑖𝑖 is random error term. Contemporaneous 191 
correlation, heteroskedasticity and serial correlation are controlled to calculate 192 
asymptotically efficient parameters with Prais-Winsten regression in the statistical 193 
software package STATA12 (http://www.stata.com/stata12/) . 194 
 195 
2.3.Quantile regression model.  196 
Quantile regression, introduced by Koenker & Bassett (Koenker and Bassett, 1978), 197 
is a method for estimating functional relationships between variables for all portions of 198 
a probability distribution. Instead of estimating a regression model with average effects 199 
using the Ordinary Least Squares linear model, the quantile regression produces 200 
different effects along the distribution (quantiles) of the dependent variable. To obtain 201 
an estimation of a quantile regression model, we minimize the following sum of 202 
absolute residuals by linear programming methods. 203 min
𝛽𝛽𝛽𝛽ℜ
�𝜌𝜌𝜏𝜏(𝑌𝑌𝑖𝑖𝑖𝑖 − 𝜉𝜉(𝑋𝑋𝑖𝑖,𝛽𝛽))    (3) 204 
where 𝑌𝑌𝑖𝑖𝑖𝑖 is the average daily PM2.5 concentration in month t in city i as above, 𝑋𝑋𝑖𝑖 is a 205 
vector of explanatory variables, 𝜌𝜌𝜏𝜏(∙) is a tilted absolute value function that yields the 206 
𝜏𝜏th sample quantile as its solution, 𝜉𝜉(𝑋𝑋𝑖𝑖,𝛽𝛽) is a parametric function with 𝛽𝛽 as a 207 
vector of parameters. Quantile regression is more robust to non-normal errors and 208 
outliers than conventional least squares regression methods, and provides a more 209 
complete characterization of the data. 210 
 211 
3.Results and Discussion 212 
3.1.The role of NH3 emission in PM2.5 pollution 213 
3.1.1.NH3 limitation in forming SIA.  214 
The negative coefficients of meteorological factors (i.e. wind speed, precipitation, 215 
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and air temperature) suggest a reduction of PM2.5 concentrations with increases of these 216 
factors. In contrast, the positive coefficients of pollutant emissions on PM2.5 217 
concentration levels suggest the opposite (Table 1). This is consistent with existing 218 
understanding of atmospheric processes, where stronger wind dilutes pollutant 219 
concentrations, rainfall washes outs pollutants through wet deposition, and higher 220 
temperatures accelerates the decomposition of PM2.5 (in particular through evaporation 221 
of ammonium nitrates), as well as eliminates the inversion layer that prevents dilution 222 
(Li et al., 2014; Tian et al., 2014). These findings indicate that the panel model is well 223 
able to capture and distinguish the effects from pollutant emissions and meteorological 224 
factors on PM2.5 concentrations. To focus on the effect of pollutant emissions on PM2.5 225 
formation, we thus set all climatic variables as control factors and focused our 226 
discussion on the effects of pollutant emissions in the following analysis.  227 
Here, we find that NH3 emissions significantly affect the monthly average (mean of 228 
daily concentration) PM2.5 concentrations across China’s major cities, while at the same 229 
time the influence of SO2 or NOx is not significant (Table 1). Increasing NH3 emission 230 
by 1 t km-2 would result in an increase of 33 μg m-3 of monthly average PM2.5 231 
concentrations, ceteris paribus (Table 1). In China, despite its large NH3 emissions, the 232 
molar amount is still smaller than that of 2SO2 + NOx emissions, both calculated from 233 
our own budget studies (Gu et al., 2014, 2015) as well as resulting from analyses of 234 
global database values (i.e. EDGAR, 2016). SO2 or NOx emissions that do not 235 
contribute to the formation of SIA, lead to more local acidification or nutrient 236 
deposition, as is evident in the widespread occurrence of acid rain across China (MEPC, 237 
2016). Our findings suggest that NH3 is the critical pollutant determining the acid-base 238 
reactions related to the nucleation of PM2.5. They further illustrate that PM2.5 pollution 239 
in China is indeed limited by the availability of atmospheric NH3. Similar findings have 240 
been reported in other regions, such as in Europe where regulation of NH3 emissions 241 
has been addressed in recent years (Erisman and Schaap, 2004; Vieno et al., 2015; 242 
Backes et al., 2016). Increases in NH3 emissions not only lead to increases in PM2.5 243 
concentrations due to its own mass (Ye et al., 2011; Huang et al., 2014), but also benefit 244 
the nucleation with SO2 and NOx emissions and facilitate the combination with other 245 
pollutants to form larger particles (Kirkby et al., 2011; Li et al., 2016).  246 
3.1.2.Seasonal influence.  247 
To compare the effects of NH3, SO2 and NOx on the PM2.5 levels, we separated the 248 
12 months into two seasons: the Major fertilization (April to October) and Occasional 249 
fertilization (November to March) seasons. NH3 emissions vary substantially between 250 
these two seasons (Huang et al., 2012), whereas SO2 and NOx emission are relatively 251 
stable during different months (MEPC, 2016). NH3 emissions in the Major fertilization 252 
season are approximately 50% higher, while SO2 and NOx are only 5% higher compared 253 
to corresponding values in the Occasional fertilization season. We ordered all PM2.5 254 
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concentrations in each season, then analyzed how the pollutant emissions contribute to 255 
the differences between the first (top 50% in the order) and second half (bottom 50% in 256 
the order) of PM2.5 concentrations. By removing the effects from meteorological factors, 257 
we found that effects of NH3 emissions on the changes of monthly average PM2.5 258 
concentrations between the first and second half were 5.5 and 1.5 times that of SO2 and 259 
NOx in the Major fertilization and Occasional fertilization seasons, respectively. In 260 
other words, NH3 emissions have a much greater impact on the PM2.5 pollution 261 
compared to SO2 and NOx in summer time and even in wintertime, when the impact of 262 
NH3 is reduced. In winter, NH3 emissions from cropland are much lower, because of no 263 
fertilization is taking place and the temperature is lower (Huang et al., 2012). Therefore, 264 
PM2.5 pollution in winter is even more NH3-limited when removing the effects from 265 
confounding factors such as temperature and wind. These findings are consistent with 266 
the results from the panel analysis discussed above and from molecular experiments 267 
reported in literature (Kirkby et al., 2011; Li et al., 2016).  268 
3.1.3.Urban areas.  269 
Owing to the limited transport distances of air pollutants, the distributions of acid- 270 
and alkaline-form pollutant emissions are also crucial to the PM2.5 formation (Hu et al., 271 
2014). Closer proximity of emission sources of different acid- and alkaline-forms 272 
pollutants facilitates the formation of secondary PM2.5 (Gu et al., 2014; Stokstad, 2014). 273 
Hot spots of NH3 emission largely overlap with those of SO2 and NOx sources in China 274 
and are mainly located in Eastern China, such as the North China Plain (NCP) and 275 
Yangtze Delta Region (YDR) (Su et al., 2011; Gu et al., 2012; Huang et al., 2012). This 276 
allows the pollutants to react more readily and form PM2.5, contributing to a worsening 277 
air quality near or within cities in those regions. In the central areas of 74 major Chinese 278 
cities, the atmosphere is relatively NH3-deficient, thus increasing NH3 emission can 279 
rapidly lead to an increase in PM2.5 concentrations (Fig. 1). Therefore, episodes of high 280 
PM2.5 levels usually occur in cities with both a NH3-deficient atmosphere and the 281 
occurrence of high NH3 emissions in the immediate vicinity (e.g. intensive agricultural 282 
areas). The 10 cities with the highest PM2.5 levels in 2013-2014 in China are all 283 
surrounded by areas with intensive agricultural production (e.g., Shijiazhuang and 284 
Zhengzhou), and no megacities without major agricultural production regions nearby 285 
are found on this list (MEPC, 2016). 286 
Despite measures implemented for SO2 and NOx emissions control, air quality in 287 
China’s major cities continues to deteriorate (Liang et al., 2015). In an NH3-deficient 288 
atmosphere, the reduction of SO2 and NOx emissions is less efficient than that of NH3 289 
emission up to the point where the concentration balance shifts in a limitation from 290 
NH3-deficient to SO2+NOx-deficient. In China and elsewhere, NH3 is predominantly 291 
emitted from agriculture (Huang et al., 2012; Gu et al., 2015). Therefore, improvement 292 
of air quality in major cities will require new policies to encourage farming practices 293 
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that reduce NH3 emission from a rapidly growing agricultural sector, especially in 294 
suburban areas and farmlands surrounding major urban areas. 295 
3.1.4.Quantile regression.  296 
To further capture the effect of NH3 emissions on haze episodes in addition to their 297 
conditional means, we introduced quantile regression for four quantiles (25, 50, 75, and 298 
90% the PM2.5 levels) and found that NH3, rather than SO2 or NOx, dominates the 299 
occurrences of PM2.5 pollution episodes. On the one hand, the coefficients of NH3 300 
emissions increase in the upper quantile for both the monthly average and maximum 301 
PM2.5 concentrations (Fig. 2), implying that NH3 emission is significantly related to the 302 
occurrence of PM2.5 pollution and its effect is nonlinear with a higher contribution under 303 
more severe PM2.5 pollution. On the other hand, the coefficients of 2SO2+NOx 304 
decreased in the upper quantiles and the 90% quantile coefficient of SO2 and NOx is no 305 
longer significant for the monthly average PM2.5 concentrations. For the monthly 306 
maximum PM2.5 concentrations, the quantile coefficients of 2SO2+NOx are either not 307 
significant or negative. Such facts further suggest that 2SO2+NOx emission is not 308 
significantly correlated to the occurrence of severe PM2.5 pollution in China, thus again 309 
supporting the fact that NH3 substantially affected PM2.5 pollution in China. 310 
 311 
3.2.Periodic cycle of haze episodes 312 
Haze episodes exhibit typical periodic cycles (Guo et al., 2014). PM2.5 can 313 
accumulate in the atmosphere and last for several days before being dispersed or 314 
deposited to the ground by dry or wet removal processes, resulting in typical haze 315 
episodes (Guo et al., 2014). The daily average PM2.5 concentrations are low (usually 316 
below 30 μg m-3) in the beginning of each cycle, but can reach more than 150 μg m-3 317 
(maximum PM2.5 level in each cycle, turning point) within a few days, after which the 318 
levels tend to decrease again. By counting the polluted days during clean-dirty-clean 319 
cycles, we found an average duration of 6-10 days in each periodic cycle of haze 320 
episodes across the 74 cities.  321 
Although NH3 emissions seem to have a dominant effect on the PM2.5 formation 322 
compared to the influence of SO2 and NOx, high concentrations of both of these 323 
pollutants can lengthen the duration of each haze episode (Table 1). PM2.5 compounds 324 
(e.g., ammonium sulfate) that combine different monomer pollutants such as SO2 and 325 
NH3 can stay longer in the atmosphere compared to the monomer pollutants. Therefore, 326 
the critical pollutants that determine acid-base reactions are key to the accumulation of 327 
PM2.5 in the atmosphere. Owing to the NH3-deficient atmosphere (relative to SO2 and 328 
NOx) in cities in China, the maximum PM2.5 level in each cycle is significantly limited 329 
by NH3 emission, but not the emission of SO2 or NOx (Table 1). Increasing NH3 330 
emission by 1 ton km-2 would result in an increase of 61 μg m-3 for the maximum PM2.5 331 
level during each periodic cycle.  332 
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 333 
3.3.Crosschecking the role of NH3 by alternative data sources 334 
To crosscheck the role of NH3 emission on PM2.5 formation, we applied annual 335 
gridded emission data (NASA, EDGAR, CRU TS3.10) in a two-period panel model. On 336 
an annual scale, all pollutant emissions (NH3, SO2 and NOx) significantly affect PM2.5 337 
levels (Table 2). The majority of the emission intensities of SO2 and NOx are in the 338 
range of 0-1×106 mol km-2 across China, substantially larger than that for NH3 339 
emissions, which normally range from 0 to 0.3×106 mol km-2 (Fig. 3). This illustrates as 340 
well that the emission intensities of NH3 are spatially more evenly distributed than is the 341 
case for SO2 and NOx across China. A small amount of SO2 and NOx emissions can thus 342 
lead to an increase in PM2.5 levels rapidly when the emission intensity is lower than 343 
0.1×106 mol km-2 (Fig. 3a and b). However, we did not see further enhancement of 344 
PM2.5 levels when higher emission intensities of SO2 or NOx occurred, especially above 345 
0.2×106 mol km-2. On the contrary, we found a rapid increase of PM2.5 levels with the 346 
increase of NH3 emssion in the majority of grid cells analysed. This reveals that PM2.5 347 
formation is limited by the availability of NH3 emissions, especially especially when the 348 
SO2 or NOx emission intensity is high.  349 
On this spatial scale, the higher PM2.5 levels are also consistent with the regions 350 
with a molar ratio of (2SO2+NOx)/NH3 greater than one (Fig. 4, Fig. 5). About 10% of 351 
gridcells do not have sufficient SO2 and NOx to neutralize NH3 emissions mainly 352 
located in the rural regions including forests and grasslands in western China (Fig. 4). 353 
Therefore, we found a saturation level where NH3 emissions do not lead to further 354 
increases of PM2.5 levels (Fig. 3c). A few grid cells with very high NH3 emission rates 355 
(>0.1×106 mol km-2) would also not further increase the PM2.5 concentrations, due to 356 
SO2 and NOx limitation (Fig. 4). 357 
In fact, except in regions with intensive agriculture (including both croplands and 358 
livestock farming) but little industry or urbanization, NH3 is usually deficient compared 359 
to the emission of acid pollutants (SO2 and NOx), in line with findings on the role of 360 
photochemical reactions and precursor emissions in other regions worldwide. The small 361 
mass ratios (usually rank 5-15%) of NH3 in PM2.5 source apportionments suggest an 362 
NH3-deficient atmosphere at global scale (Jimenez et al., 2009; Huang et al., 2014). 363 
That means the limitation of NH3 in severe haze formation is not only found in China, 364 
but also likely a widespread phenomenon worldwide. To assess the relevance of this 365 
potential phenomenon, we estimate the correlation between annual emission data of 366 
NH3, SO2, NOx, non-methane volatile organic compounds (NMVOC) (four pollutants 367 
that are key for the formation of secondary PM2.5 pollution, Huang et al., 2014) and 368 
PM2.5 concentration data in each grid (0.5×0.5°) on terrestrial land areas worldwide. We 369 
used over 200 million data points in this analysis. Although we acknowledge that global 370 
inventories may be subject to large uncertainties, they are in most cases well constrained 371 
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and support analyses of large-scale pollution effects at a coarse resolution (Wang et al., 372 
2011; Zhang et al., 2015). Correlation analysis showed that the coefficient of NH3 373 
emission to PM2.5 concentrations is by far the greatest, at least twice that of the other 374 
three pollutants (Table 3). Although these statistical correlations do not identify causal 375 
relationships, they give a robust indication in relation to the effect of NH3 emissions on 376 
PM2.5 formation. Therefore, more focus should be directed to NH3 mitigation not only 377 
in China, but also in other world regions with excess nitrogen inputs and resulting NH3 378 
emissions. 379 
 380 
3.4.Policy implications 381 
This paper highlights the crucial role of NH3 in the formation of PM2.5 pollution in 382 
China, which suggested that the future reduction of NH3 emission should be made a 383 
priority in the Clean Air Act. Considering the substantial contribution of agricultural 384 
activities to China’s NH3 emission (Gu et al., 2015), new measures to reduce the NH3 385 
emission from cropland and livestock are essential, such as illustrated by the “4R” (right 386 
type, right amount, right time and right place) and better manure management in 387 
feedlots to treat and use it as fertilizer should be developed and applied to Chinese 388 
agriculture (Ju et al., 2009; Bai et al., 2014). Meanwhile, the non-agricultural NH3 389 
emissions from such as fossil fuel combustion is also playing an increasingly important 390 
role in PM2.5 pollution in urban area, especially where lacks agricultural activities in the 391 
surrounding areas (Chang, 2014). Although the total amount of NH3 emission from 392 
non-agricultural source is small (Huang et al., 2012), the concentrated dose of these 393 
NH3 emissions and close to the SO2 and NOx emission sources still can result in sever 394 
air pollution in urban area (Wang et al., 2015). However, there needs to be more 395 
realization among the public and policy makers that NH3 emissions present a serious 396 
environmental issue. For instance, the practices developed by the Task Force on 397 
Reactive Nitrogen to reduce NH3 emission in European Union are good example for 398 
China to adapt (Backes et al., 2016). This study shows the relevance of NH3 in the 399 
formation of secondary PM, buth also its role contributing to other effects including 400 
eutrophication, acidification, as well as a contribution to climate change and 401 
biodiversity loss (Erisman et al., 2013).  402 
In order to allow for new technologies to be introduced, some socioeconomic 403 
barriers need to be addressed (Gu et al., 2016), such as the fragmentation of Chinese 404 
croplands under the household contract responsibility system (Zhang et al., 2013b). 405 
However, increasing the scale and structure ofagricultural operations needs follow 406 
systematic, integrated approach combining several measures, including capital 407 
investment, institutional design, educating farmers, etc. Thus, it is difficult to implement 408 
a new production system based on large scale farming in a short term. Mixed farming 409 
systems including both small and large farming operations with innovative technologies 410 
designed for application at appropriate scales may be more feasible and effective in 411 
China in the near future. Meanwhile, a healthier diet with less animal protein intake 412 
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would also reduce NH3 emissions (Ma et al., 2013). By implementing policies to 413 
support new technologies and regulations, NH3 emissions could be reduced by 414 
approximately 50% (Gu et al., 2015), significantly mitigating PM2.5 pollution and at the 415 
same time benefiting food security and environmental protection objectives in China.  416 
 417 
4.Conclusions 418 
In this study, we found that emissions of NH3 have a stronger association with the 419 
spatiotemporal variation of PM2.5 levels than emissions of SO2 and NOx. The results 420 
derived from in situ monitoring data observed in major cities agreed well with the 421 
results of gridded emission data. PM2.5 concentrations were much more strongly 422 
affected by NH3 emssions durig severe haze episodes. Our findings suggest that NH3 423 
emissions, instead of the SO2 and NOx emissions from fossil fuel combustion as 424 
previously believed, are the key limiting factor for secondary inorganic PM2.5 formation 425 
in urban regions of China. Therefore, we highlight the importance of reducing NH3 426 
emissions through improved nitrogen management from agricultural activities in 427 
mitigating PM2.5 pollution in urban areas. 428 
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Table 1. Estimated coefficients in a panel model with monthly data 591 
 Average PM2.5 (μg 
m-3) 
Maximum PM2.5 
(μg m-3) 
Duration of a haze 
episode (day) 
2SO2+NOx 
(106 mol km-2) 
388.1 700.1 73.72*** 
(265.8) (622.1) (27.62) 
NH3 
(106 mol km-2) 
560.9*** 1036.4*** 110.8*** 
(147.3) (387.8) (14.96) 
Precipitation 
(mm) 
-1.501*** -2.621*** -0.108** 
(0.204) (0.732) (0.0465) 
Wind speed 
(m s-1) 
-25.00*** -41.24*** -0.952*** 
(2.736) (6.320) (0.227) 
MMT (°C) -2.531*** -3.115*** -0.0189 
(0.130) (0.482) (0.0118) 
N 884 547 547 
within R2 0.645 0.384 0.094 
F stat 142.56 33.48 14.40 
Hausman test 13.69 29.39 63.34 
Note that the coefficient represents how much the PM2.5 concentrations or duration of a 592 
haze episode change when increasing one unit of influencing factors in the panel model. 593 
Data in brackets represent the standard errors. Average PM2.5 refers to the mean of 594 
PM2.5 concentration in a month in each city. Maximum PM2.5 refers to the mean of the 595 
maximum PM2.5 concentration in each periodic cycle of haze episode. Periodic cycles of 596 
haze episode refers to the times of haze episode occurred in a month. SO2 & NOx refers 597 
to the emission intensity of SO2 and NOx in a city. MMT refers to mean monthly 598 
temperature. Fixed effect panel model is applied in this analysis owing to the large 599 
value of Chi2 in Huasman test. Standard errors in parentheses. * p < 0.10, ** p < 0.05, 600 
*** p < 0.01. 601 
 602 
  603 
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Table 2 Estimated coefficients in a two-period panel model with annual data 604 
 
Coefficient Standard error t P>t 
NH3 (106 mol km-2) 77.439 4.781 16.200 0.000 
SO2 (106 mol km-2) 2.310 0.663 3.480 0.001 
NOx (106 mol km-2) 1.949 0.988 1.970 0.049 
Wind speed (m s-1) 3.300 0.253 13.030 0.000 
Precipitation (mm) -0.004 0.000 -8.130 0.000 
MAT (°C) -0.057 0.079 -0.730 0.468 
N 7492    
Within R2 0.2109    
F stat 117.83    
Hausman test 868.30    
Note, mean value of first and last three years of data available are selected as two 605 
periods, i.e., mean value of pollutant emissions and climatic factors on PM2.5 from 2001 606 
to 2003 and 2006 to 2008 for the whole China are used. MAT refers to mean annual 607 
temperature. Fixed effect panel model is applied in this analysis owing to the large 608 
value of Chi2 in Huasman test. Standard errors in parentheses. * p < 0.10, ** p < 0.05, 609 
*** p < 0.01. 610 
 611 
  612 
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Table 3 Coefficients of correlation among PM2.5, SO2, NOx, NMVOC and NH3 on the 613 
global scale with 0.5×0.5° grid data 614 
 PM2.5 SO2 NOx NMVOC NH3 
PM2.5 1     SO2 0.4342 1    NOx 0.4497 0.6499 1   NMVOC 0.4607 0.6416 0.9796 1  NH3 0.6475 0.4990 0.5679 0.5699 1 
 615 
 616 
  617 
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Figure legend 618 
 619 
Figure 1 Locations of these 74 cities and their average and maximum PM2.5 level in 620 
2013. The background color refers to the NH3 emission intensity on the provincial scale.  621 
 622 
Figure 2 Coefficients of quantile regressions of emissions of NH3 and SO2&NOx to the 623 
PM2.5 level under different quantile. (a) Average monthly PM2.5 concentration; (b) 624 
Average of the maximum PM2.5 concentration in each period cycle. 625 
 626 
Figure 3 Correlations of pollutant emissions and PM2.5 level by using grid data in 2008 627 
across China. (a) SO2; (b) NOx; (c) NH3; (d) 2SO2+NOx 628 
 629 
Figure 4 Molar ratios of emissions of SO2 and NOx to NH3 in 2008. The tope one refers 630 
to the molar ratio of acid pollutants to NH3, and > 1 of the ratio represents NH3 631 
limitation to the PM2.5 pollution. The bottom one refers to the molar ratio of SO2 to NH3, 632 
and > 1 of the ratio represents the pollution reach ammonium nitrate equilibrium. One 633 
mole of SO2 can react with two moles of NH3, thus 2SO2 is used to indicate the 634 
limitation of PM2.5 pollution related to different forms of pollutant emission. 635 
 636 
Figure 5 Changes of PM2.5 pollution and pollutant emissions from 2001 to 2008. The 637 
left and middle four figures used the average data from 2001 to 2003, and 2006 to 2008, 638 
respectively, and the right four figures were the difference between the left and middle 639 
four figures.  640 
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